励起状態分子内プロトン移動を用いた発光クロミック分子の創製とその物性に関する研究 by 中根 由太
Studies on Preparations and Physical
Properties of Fluorescent Chromic Molecules
Based on Excited State Intramolecular Proton
Transfer
著者 中根 由太
number 63
学位授与機関 Tohoku University
学位授与番号 工博第5545号
URL http://hdl.handle.net/10097/00127673
  
? ? ? ? ? ? ? ? ? ? なかね  ゆうた 
氏 名? ? ? ? ? ? ? ? ? ? 中 根? 由 太 
授 与 学 位? ? ? ? ? ? ? ? ? ? 博士（工学） 
学位授与年月日? ? ? ? ? ? ? ? ? ? 平成３０年９月２５日 
学位授与の根拠法規? 学位規則第４条第１項 
研究科，専攻の名称? 東北大学大学院工学研究科（博士課程）応用化学専攻 
学 位 論 文 題 目? ? ? ? ? ? ? ? ? ? Studies on Preparations and Physical Properties of Fluorescent 
Chromic Molecules Based on Excited State Intramolecular Proton 
Transfer (励起状態分子内プロトン移動を用いた発光クロミック分子
の創製とその物性に関する研究) 
指 導 教 員? 東北大学教授? 芥川? 智行 
論 文 審 査 委 員? ? ? ? ? ? ? ? ? ? 主査? 東北大学教授? 芥川? 智行? 東北大学教授? 三ツ石? 方也 
? ? ? ? ? ? ? ? ? ? ? ? ? 東北大学教授? 服部 徹太郎 
論 文 内 容 要 旨? ? ? ? ? ? ? ? ?  
1. General Introduction. 
Among a large number of organic luminescent materials, the fluorescent chromic molecules are one of the interesting 
switching materials by the outer stimuli such as temperature, pressure, force, vapor etc., where the luminescent properties have 
been extensively modified by the outer stimuli. The fluorescent chromic molecules have different stable states and can 
switch between different stable states by external stimuli. The electronic state or packing structure of fluorescent chromic 
molecules are different between different stable states, and the fluorescent characteristics such as fluorescence wavelength λ 
and quantum yield Φ are also changed between different stable states. Fluorescent chromic molecules have been attracted 
much attentions due to its great potentials for the application to memory and sensor devices. From the viewpoint of device 
applications, the fluorescent chromic molecules with large amplitude fluorescent response and also reversibility should be one 
of the necessary properties. The developments of new molecular system showing excellent fluorescent chromic behavior can 
expand a diversity of material utilization in various kinds of devices. In the thesis, new fluorescent chromic molecules have 
been developed in the Excite Intramolecular Proton Transfer (ESIPT) fluorescence mechanism. ESIPT fluorescence is one of 
the characteristic emission behavior through the intramolecular proton-transfer reaction inside the hydrogen-bonding site. 
Well-known ESIPT fluorescent molecule of 2-(2'-hydroxyphenyl)benzothiazole (HBT) has the intramolecular 
hydrogen-bonding structure between -OH group and thiazole nitrogen atom within the molecule, where the enol-type O-H•••N 
hydrogen-bonding structure at the ground state is transformed to the keto-type =O•••H-N one at the excited state through the 
ESIPT process. A fluorescence from the keto-type ESIPT structure from the excited state showed the ESIPT fluorescence with 
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1. General Introduction. 
Among a large number of organic luminescent materials, the fluorescent chromic molecules are one of the interesting 
switching materials by the outer stimuli such as temperature, pressure, force, vapor etc., where the luminescent properties have 
been extensively modified by the outer stimuli. The fluorescent chromic molecules have different stable states and can 
switch between different stable states by external stimuli. The electronic state or packing structure of fluorescent chromic 
molecules are different between different stable states, and the fluorescent characteristics such as fluorescence wavelength λ 
and quantum yield Φ are also changed between different stable states. Fluorescent chromic molecules have been attracted 
much attentions due to its great potentials for the application to memory and sensor devices. From the viewpoint of device 
applications, the fluorescent chromic molecules with large amplitude fluorescent response and also reversibility should be one 
of the necessary properties. The developments of new molecular system showing excellent fluorescent chromic behavior can 
expand a diversity of material utilization in various kinds of devices. In the thesis, new fluorescent chromic molecules have 
been developed in the Excite Intramolecular Proton Transfer (ESIPT) fluorescence mechanism. ESIPT fluorescence is one of 
the characteristic emission behavior through the intramolecular proton-transfer reaction inside the hydrogen-bonding site. 
Well-known ESIPT fluorescent molecule of 2-(2'-hydroxyphenyl)benzothiazole (HBT) has the intramolecular 
hydrogen-bonding structure between -OH group and thiazole nitrogen atom within the molecule, where the enol-type O-H•••N 
hydrogen-bonding structure at the ground state is transformed to the keto-type =O•••H-N one at the excited state through the 
ESIPT process. A fluorescence from the keto-type ESIPT structure from the excited state showed the ESIPT fluorescence with 
large Stokes shift. Large structural relaxation during the photo-isomerization reaction at the excited state resulted in the large 
magnitude of Stokes shift around 10,000 cm -1. ESIPT fluorescence property is usually affected by the polarity of the 
surrounding environment such as solvent polarity. For instance, highly polar solvents such as CH3OH and DMSO disturbed the 
intramolecular hydrogen-bonding structure in the absence of the ESIPT process, indicating non-ESIPT type fluorescent 
behavior with a small Stokes shift. On the contrary, lower polar solvents such as hexane and CHCl3 stabilized the 
intramolecular hydrogen-bonding conformation suitable for the ESIPT fluorescence with a large Stokes shift. In this thesis, I 
have focused on new fluorescent chromic molecules utilizing in the ESIPT fluorescence mechanism. The ESIPT fluorescent 
molecules can be designed to show both the emissions of the non-ESIPT type with a small Stokes shift and the ESIPT type 
with a large Stokes shift, depending on the difference in the molecular conformation and hydrogen-bonding structures. The two 
kinds of different fluorescence can be controlled by the external stimuli, which chromic behavior is useful for sensor and 
molecular logic calculation. The ON-OFF switching phenomena of the ESIPT fluorescent molecule in solution and solid phase 
depends on the molecular conformation between the intramolecular hydrogen-bonding structure and the intramolecular non 
hydrogen-bonding one, which can be controlled by the outer stimulus. From the above points of view, I designed the ESIPT 
fluorescent chromic molecules of 1, 2, and 3 (Figure 1). 
 
 
 
 
 
Figure 1. Molecular designs of three kinds of the ESIPT fluorescent chromic molecules in this thesis. 
 
2. Cation–Anion Dual Sensing of a Fluorescent Quinoxalinone Derivative Using Lactam–Lactim Tautomerism.  
A quinoxalinone derivative 1 capable of lactam–lactim tautomerization was designed as a new fluorescence probe for sensing 
of cation (M+ = Li+ and Na+) and anion (X− = F−, Cl−, Br−, and CH3COO−) in organic solvents. In THF, the minor lactam 
tautomer exhibited a weak fluorescence band at 425 nm with a typical Stokes shift of ~4,400 cm−1, whereas the major lactim 
tautomer exhibited an intense fluorescence band at 520 nm with large Stokes shift of ~8,900 cm−1 due to ESIPT phenomena. 
The presence of either cations or anions was found to promote lactim-to-lactam conversion, resulting in the lowering of the 
ESIPT fluorescence. The lone pairs on the alkylamide oxygen and the quinoxalinone ring nitrogen of the lactam were found to 
bind Li+ to form a 1:2 coordination complex, which was confirmed by single crystal X-ray structural analysis and fluorescent 
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titrations. In addition, the N–H bond of the lactam was able to recognize anions via N–H•••X hydrogen-bonding interactions. 
When X = F− or CH3COO−, further addition of these anions caused deprotonation of the lactam to generate an anionic state, 
consistent with the crystal structure of the anion prepared by mixing tetrabutylammonium fluoride and the quinoxalinone 
derivative in THF. Dual cation–anion sensing responses were found to depend on the ion-recognition procedure. The anionic 
quinoxalinone derivative and its Li+ complex, which are formed by the addition of CH3COO− and Li+, respectively, displayed 
different fluorescence enhancement behavior due to the two anions exchanging with each other. 
 
3. Dual Fluorescent Zwitterionic Organogel of a Quinoxalinone Derivative using Cation-Anion Detection Keys.  
An [18]crown-6 unit was introduced into a cation–anion dual-ion-sensing quinoxalinone derivative (2) as a new fluorescent 
molecule for successive cation (K+) and anion (F− and CH3COO−) sensing in CH3CN. High anion-sensing abilities for F− and 
AcO− were observed at the hydrogen-bonded acidic N–H proton of the positively charged K+-capturing 2 at the [18]crown-6 
site due to electrostatic cation–anion interactions. On the other hand, the acidic N–H proton of lactam tautomer 2 strongly 
recognized basic AcO− or F− anions via N–H•••AcO− or F− hydrogen-bonding interactions, and further AcO− or F− additions 
facilitated the deprotonation reaction, forming anionic 2−. Anionic 2− showed a much higher K+-sensing ability at the 
[18]crown-6 site than neutral 2 through effective cation–anion electrostatic interactions. Interestingly, the electrostatically 
stabilized zwitterionic K+•2− formed fluorescent organogels in CH3CN, acetone, and THF; the organogels underwent reversible 
transformation between a blue fluorescent organogel and green fluorescent sol by the addition of trifluoroacetic acid (gel → 
sol) and trimethylamine (sol → gel). Both K+ and AcO− (or F−) ions acted as the key ions in the fluorescent organogel 
formation.   
 
4. ESIPT Fluorescent Chromism and Conformational Change of 3-(2-Benzothiazolyl)-4-Hydroxy-Benzenesulfonic 
Acid by Amine Adsorption.  
Sulfonic acid (-SO3H)-substituted 2-(2’-hydroxyphenyl)benzothiazole (3) was designed as a new solid-state ESIPT fluorescent 
chromic molecule that responds to various types of organic bases and amines as a sensing device of biological important 
molecules such as ammonia and histamine. Crystal 3 exhibited a reversible adsorption-desorption behavior with pyridine, 
aniline, thiazole, quinoline, ammonia, propylamine, octylamine, diethylamine, 1,4-diaminobutane, histamine, and so on. The 
sorption behavior of these compounds induced the fluorescence chromism of crystal 3 from non-ESIPT weak blue, to ESIPT 
strong green, and finally to non-ESIPT strong blue emissions, which was derived from dynamic molecular conformational 
change of 3 between intramolecular hydrogen-bonding cis-conformation and non-intramolecular hydrogen-bonding trans-one 
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AcO− were observed at the hydrogen-bonded acidic N–H proton of the positively charged K+-capturing 2 at the [18]crown-6 
site due to electrostatic cation–anion interactions. On the other hand, the acidic N–H proton of lactam tautomer 2 strongly 
recognized basic AcO− or F− anions via N–H•••AcO− or F− hydrogen-bonding interactions, and further AcO− or F− additions 
facilitated the deprotonation reaction, forming anionic 2−. Anionic 2− showed a much higher K+-sensing ability at the 
[18]crown-6 site than neutral 2 through effective cation–anion electrostatic interactions. Interestingly, the electrostatically 
stabilized zwitterionic K+•2− formed fluorescent organogels in CH3CN, acetone, and THF; the organogels underwent reversible 
transformation between a blue fluorescent organogel and green fluorescent sol by the addition of trifluoroacetic acid (gel → 
sol) and trimethylamine (sol → gel). Both K+ and AcO− (or F−) ions acted as the key ions in the fluorescent organogel 
formation.   
 
4. ESIPT Fluorescent Chromism and Conformational Change of 3-(2-Benzothiazolyl)-4-Hydroxy-Benzenesulfonic 
Acid by Amine Adsorption.  
Sulfonic acid (-SO3H)-substituted 2-(2’-hydroxyphenyl)benzothiazole (3) was designed as a new solid-state ESIPT fluorescent 
chromic molecule that responds to various types of organic bases and amines as a sensing device of biological important 
molecules such as ammonia and histamine. Crystal 3 exhibited a reversible adsorption-desorption behavior with pyridine, 
aniline, thiazole, quinoline, ammonia, propylamine, octylamine, diethylamine, 1,4-diaminobutane, histamine, and so on. The 
sorption behavior of these compounds induced the fluorescence chromism of crystal 3 from non-ESIPT weak blue, to ESIPT 
strong green, and finally to non-ESIPT strong blue emissions, which was derived from dynamic molecular conformational 
change of 3 between intramolecular hydrogen-bonding cis-conformation and non-intramolecular hydrogen-bonding trans-one 
in crystal. This phenomena was applied for the solid state sensing devices for biologically important organic bases and amines. 
Thin film of 3 showed stepwise fluorescent color change from green to blue as the concentration of NH3 increased. Thin film 
of 3 exhibited high sensitivity and concentration depending color change for amines, which is highly useful for amine detecting 
fluorescent devices. 
 
5. General Conclusions.  
In the thesis, new fluorescent chromic molecules have been developed in the ESIPT fluorescence mechanism. The ESIPT 
fluorescent molecules have a potential to show the emission of both the non-ESIPT type with a small Stokes shift and the 
ESIPT type with a large Stokes shift, depending on the difference in the molecular conformation and hydrogen-bonding 
structures. Such large difference in the fluorescent response can be used for the fluorescent chromic material for chemical 
sensing devices. From these points of view, I designed three kinds of ESIPT fluorescent chromic molecules of 1, 2, and 3, 
which ON/OFF switching phenomena of the ESIPT fluorescence both in solution and solid phases and the application for 
molecular fluorescent sensor are precisely examined. From these series studies, I could examined the switching mechanism 
and sensing responses of the ESIPT fluorescent chromic molecules, where the molecular conformations for the ESIPT 
ON/OFF responses both in solution and solid states were evaluated in three different types of ESIPT chromophores of 
molecules 1, 2 and 3. From these studies, the ESIPT fluorescent behavior should be one of the useful fluorescent mechanism 
for designing a high ON/OF ratio in solution and even solid phases. In my study, the switching of fluorescent properties of the 
ESIPT chromic molecules was derived from molecular conformational change between the intramolecular hydrogen-bonding 
structure emitting ESIPT fluorescence and the non-intramolecular hydrogen bonding one emitting non-ESIPT fluorescence. In 
addition, since the molecular framework of intramolecular hydrogen-bonding ESIPT molecule is usually quite simple such as 
HBT, it is quite easy to design and synthesize the new ESIPT fluorescent chromic molecules. In my doctoral thesis, I focused 
on the only two kinds of the ESIPT active molecular frameworks of quinoxalinone and HBT.  On the contrary, a large 
number of ESIPT active molecules with various fluorescent energy have been reported in previous beside the present two 
system, where various types of stimuli-responsible structural unit can be introduced into simple ESIPT molecular structure. 
Therefore, the flexibly design of the fluorescent chromic behaviors is possible in the emission wavelength and also outer 
stimuli responsibility. Development of new fluorescent chromic materials based on ESIPT fluorescence has further potentials 
to realize new fluorescent sensing devices and/or computing devices in the future. 
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